Infantile (IS) and juvenile scoliosis (JS) are among the most challenging conditions pediatric orthopedic surgeons are facing in the present days. However, the best treatment of IS and JS is still debated and it remains controversial, at least for some aspects. Untreated early onset spinal deformities may lead to pulmonary and heart compromise. Growth friendly surgical techniques imply multiple distractions with increased risk of auto-fusion, infection and curve stiffening. Serial casting has been proven to be a valuable option to treat children with early onset scoliosis (EOS) in an attempt to delay surgery (in most cases) or to cure the disease (in few cases). More than five decades ago, Cotrel and Morel from France, introduced the Elongation-Derotation-Flexion (EDF) casting technique. EDF cast is a custom-made thoracolumbar cast that corrects the deformed spine three-dimensionally. Serial EDF casting is able to modulate spinal growth and it can-at least in some cases-prevent the progression of the spinal deformity. Today, serial EDF casting technique has become one of the accepted treatment options for the management of children with IS and JS.
Introduction
Scoliosis is a three-dimensional deformity of the spine with lateral, antero-posterior and rotational components. In most cases, the disease is idiopathic and affects children during adolescence. Early onset scoliosis (EOS) affects children younger than 10 years of age. In particular, infantile (IS) and juvenile scoliosis (JS) are diagnosed prior to age 5 and 10 years, respectively and are much rarer compared to adolescent scoliosis (AS). Compared to AS, IS and JS, in addition to age at onset, have higher rate of associated anomalies, as well as frequency and rate of deformity progression (1) .
IS and JS are among the most challenging conditions pediatric orthopedic surgeons are facing in the present days. As other forms of EOS, IS and JS carry the potential risk for severe adverse consequences such as cardio-respiratory problems (ventricular tachycardia, chronic obstructive pulmonary disease, tachypnea, dyspnea), tracheomalacia, weight loss or and, in most severe cases, death.
Nowadays, severe forms of IS and JS can be managed with growth-friendly surgical procedures although multiple distractions are associated with an increased risk of complications such as surgical site infection (superficial and deep), skin problems (dehiscence, keloid), hardware problems (migration, failure), bone-related issues (autofusion, fracture, curve stiffening, decompensation), as well as anesthetic complications. In particular, Mackenzie et al. found that children with IS managed by growing constructs had 29% surgical site infection rate during lengthening and/or revision surgeries (2) . Moreover, repeated hospitalizations for lengthening and for unplanned surgical procedures increase the child's time away from school and can have repercussions on the child's psychological wellbeing (3, 4) . Moreover, in patients with EOS, early spine fusion carried out in the thoracic spine at an early age does not address the impact of the deformity on thoracic cage shape, lung parenchyma development or preservation of cardio-pulmonary function (5) (6) (7) . Relative morbidity due to surgical procedures has favored the coming back of conservative treatment, i.e., serial casting.
Although the best treatment option for children with IS and JS has not yet been identified, serial casting has been proven to be a valuable option to treat children with severe spine deformity and thoracic cage distortion secondary to EOS; serial casting can delay and-in some caseseventually avoid surgical treatment.
More than five decades ago (1964), Cotrel and Morel from France, introduced the Elongation-Derotation-Flexion (EDF) casting technique by improving the elongation-derotation technique developed by Joseph Risser from United States (8) . Few years later (1975), Min Mehta from United Kingdom, in order to accommodate the growth of the child, developed the concept of serial casting (cast changes every 8-12 weeks under general anesthesia) (8, 9) .
EDF cast is a custom-made thoracolumbar cast that corrects the deformed spine three-dimensionally. Serial EDF casting is able to modulate spinal growth and it canat least in some cases-prevent the progression of the spinal deformity. Spinal growth can be guided by EDF casting ("positive force" to guide spinal growth) as it can influence the initially curved spine to grow straighter (8, 9) .
The main objective of this work is to describe the EDF serial casting technique for the treatment of children with IS and JS, as well as to highlight its advantages and its limits by providing a review of the most recent literature.
Serial elongation, derotation, and flexion casting technique
The EDF technique is a non-surgical method to reduce the spinal deformity three-dimensionally. It requires a special frame (the so called Cotrel's frame) in order to apply at the same time (I) traction (Elongation); (II) postero-lateral compression and rotation (Derotation); and (III) manual lateral compression (Flexion) (8) .
The patient is supported by two horizontal metal bars, one under the shoulders and the other sustaining the pelvis. The axial correction (Elongation) of the spine is obtained with traction. The proximal traction is fixed at the chin and at the occiput while the distal traction is fixed at both iliac crests (8) (Figure 1) . Standard stockinette and traditional padding are used to protect the skin of the patient (Figure 2 ). Simultaneous posterolateral compression and rotation (Derotation) are obtained with a band surrounding the apex of the spinal curvature (convex side); in the case of a double curve, a second band can be applied in the opposite direction and side, on the level of the convexity of the second curve (Figure 3) .
At this point the two support bars are removed and several layers of plaster of Paris (POP) are applied over the bands. The POP needs to be well molded, especially at the level of both iliac crests: a solid and stable foundation of the cast in needed to obtain a comfortable cast and to avoid pressure sores. Manual lateral compression (Flexion) is applied while the plaster is still malleable. At this point, one hand (first surgeon) is required to push against the apex of the deformity (convex side) while two hands (second surgeon) apply a counter-pressure as closed as possible to the upper and lower end vertebra of the scoliotic deformity (concave side); pressure is maintained until the plaster hardens (Figure 4) . At the same time over the shoulder straps are applied ( Figure 5 ).
Once the POP has hardened, it can be reinforced by a two to three layers of synthetic fiberglass ( Figure 6) ; at this stage a thoraco-abdominal window is cut as to obtain a decompression of the anterior abdomen (stomach and bowels) and a better expansion of the thoracic cage ( Figure 7) .
The casts are changed at intervals of 8 to 12 weeks in order to accommodate the growth of the child. On average, it takes between 20 to 35 minutes to realize an EDF cast on the Cotrel's frame, depending on the height and weight of the patient.
Some surgeons suggest the use of POP only due to his better molding ability compared to fiberglass, despite the fact that the resulting cast is generally heavier and more prone to breakage (10) (11) (12) . On the other hand, in some other Institutions casts are made of fiberglass only (light and durable material) although Daines et al. reported that it is stiffer and more difficult to mold compared to POP (11) . The use of a hybrid POP (deep layers) and fiberglass (superficial layers) may have the advantage of decreasing the overall body cast weight and to enhance its resistance (13) .
Fedorak et al. compared the outcome of two groups of children with EOS: Group 1 included patients (n=40) that underwent radiographs after each cast and had the cast reinforced with over the shoulder straps while Group 2 included children (n=36) that had radiographs taken every 6 months and cast was not reinforced with over the shoulder straps. They found that children in Group 1 (n=9 resolution of scoliosis; 22.5%) had results very similar to the children of Group 2 (n=11 resolution of scoliosis; 30.5%) and concluded the over the shoulder straps and frequent radiographs are not needed (14) . However, the original EDF cast technique requires the application of over the shoulder straps (8) .
At first sight, cast may appear as a constrictive force applied to the thoracic cage, limiting its expansion. Indeed, if well molded it does not compress the thoracic cage and respiratory movements are allowed. In particular, Dhawale et al. investigated the effects of casting on ventilation in IS. They reviewed data from 37 serial EDF casts. They found that casting induced transient restrictive pulmonary process: peak inspiratory pressure increased by 106% at cast application and remained 32% higher than baseline after thoraco-abdominal winds were cut off (15) . Serial EDF casting: delaying tactic or definitive treatment option?
The impact of a progressive, severe EOS on a growing organism can be devastating. A vertebral column not permitted to grow normally, will affect the growth potential of the whole upper body, resulting in a short trunk, a disproportionate body habitus and an underdeveloped thoracic cage (the so called 'domino effect' as described by Canavese et al.) (7, (16) (17) (18) . In addition, Pehrsson et al. investigated the mortality rate in patients (n=115) with untreated scoliosis and compared it to the expected mortality rate of official Swedish statistics. They found that the mortality rate was significantly increased in patients with IS and JS but not in those with AS (19) .
The serial EDF casting technique can be used either as delaying tactic, in order to prevent deformity progression, or as definitive treatment option. It has been shown that patients with IS casted prior to age 20 months had their scoliosis non progressing and/or significantly reduced at the end of skeletal growth (from 30° to 10°, on average). On the other hand, children with IS averaging 50° that were treated after age 30 months had their spinal curvature not progressing, although no significant and stable correction could be achieved (9) . Serial casting is a non-surgical alternative growth sparing techniques that can potentially help to delay surgery in children with moderate-to-severe IS and JS (19) .
Waldron et al. reviewed 20 consecutive patients with EOS treated by serial casting (Risser's technique). Among the 20 included patients, 8 had idiopathic IS (40%) and 12 had non-idiopathic EOS (60; n=6 neuromuscular scoliosis, n=5 syndromic scoliosis, n=1 skeletal dysplasia). The mean age at first cast was 3.8 years (1-8), and the mean major curve magnitude was 74° (40°-118°). During treatment 4 patients experienced minor complications (20%) such as superficial skin irritation (2 cases) and cast intolerance (2 cases). Waldron et al. concluded that serial casting is a safe delaying technique as it can both stabilize the spinal deformity and allow the child to reach a more suitable age for other forms of treatment, such as growing rods (20) .
The main advantage of EDF casting is that the spine is left alone. Implantation of growth sparing devices, even if at reasonable distance from the spine, does not decrease the surgical risk, does not protect from auto-fusion (ribs, vertebrae) and does not facilitate definitive instrumented fusion (3, 6, 16, 18, 21) .
Opposite to surgery, serial EDF casting is an alternative which does not negatively affect spinal growth. Serial EDF casting is able to modulate spinal growth and it can-at least in some cases-prevent the progression of the spinal deformity. Spinal growth can be guided by EDF casting ("positive force" to guide spinal growth) as it can influence the initially curved spine to grow straighter (8, 9, 22) . However, serial EDF casting is not effective for all types of IS and JS.
Between early 50's and late 60's few works have been published in the English literature. Scott and Morgan reported that resolving curves are not uncommon (23) while Conner demonstrated that EOS associated with developmental anomalies are more prone to progress (24) . However, James et al. (25) and Lloyd-Roberts and Pilcher (26) could not identify absolute criteria for distinguishing between resolving and progressive curves.
In 1972, Mehta showed patients with IS casted prior to age 20 months had their scoliosis non progressing and/ or significantly reduced at the end of skeletal growth (from 30° to 10°, on average). On the other hand, children with IS averaging 50° that were treated after age 30 months had their spinal curvature not progressing, although no significant and stable correction could be achieved (9, 27) . Ceballos et al. reviewed 113 patients with IS and found, as previously reported by Metha, the relationship of the rib head and its corresponding vertebral body at the apex of the spinal deformity is the most reliable prognostic radiologic factor (27, 28) .
In a more recent article, Mehta retrospectively reviewed 136 children with IS. She found heterogeneous results although all patients were managed with the same protocol. In particular in children treated before age 2 years the scoliosis resolved (94/136; 69.1%). On the other hand, patients treated after the age of 2.5 years had the deformity reduced but not cured (42/136; 30.9%); the rate of surgery in this subgroup of patients was 37.5%. Mehta pointed out that avoidance of delay in treatment is of crucial importance (9 Welborn et al. investigated which factors predict successful outcomes in children with IS treated by serial EDF casting. They analyzed 31 children with idiopathic IF and none of them progressed to surgical intervention during the study period. They found that major Cobb angle at the end of casting is most predictive of outcome whereas magnitude of initial curvature, earlier age at onset of casting, flexibility, initial correction, sex, and curve type were not found to predict successful outcomes. Welborn et al. concluded that serial EDF casting is a valid treatment option for IS with a high cure rate (34) .
Similarly, Hassanzadeh et al. retrospectively evaluated radiographs of 45 children with IF treated by serial casting (Metha) and attempted to identify the radiographic factors potentially correlated with a sustained curve correction. In particular, they evaluated Cobb angle, focal deformity, rib-vertebral angle difference, and height of concavity and convexity of the apical three vertebrae. They found that the most significant radiographic parameters associated with control of progressive deformity include improvements in focal deformity and height of concavity and convexity of the apical three vertebrae (35) .
On the other hand, casting and especially bracing has been less successful in children with JS compared to those with IS, with reported surgery rates ranging from 27% to 100% after conservative treatment. In particular, most studies have highlighted that most loss of correction tend to occur between fitting point and end of treatment (with curve magnitude similar to initial treatment) and after the weaning point (further aggravation of curve magnitude) (36) (37) (38) (39) (40) (41) (42) (43) .
More recently, van Hessem et al. retrospectively reviewed 7 patients with JS treated by serial casting and reported Cobb's angle was reduced from 37° to 25° (32% reduction) and none of the patients required surgery at a mean followup of 4.6 years. They concluded that serial casting can stop curve progression and it can reduce the need for surgery in patients with JS (22) .
Is there a role for neuromuscular-blocking drugs (NBD) during EDF cast application?
Recently, Canavese et al. reviewed a cohort of 44 patients with JS. They reported that serial EDF casting under general anesthesia with NBD, i.e., curare, is more effective in controlling curve progression in patients with JS, compared to EDF casting under general anesthesia alone or no anesthesia.
Canavese et al. hypothesized that complete muscle relaxation may allow the surgeon to obtain a better threedimensional correction of the spinal deformity as curve magnitude, vertebral rotation and rib vertebral angle difference (27) particularly improved in patients with serial EDF casting performed under general anesthesia with NBD (44, 45) .
Canavese et al. concluded that serial EDF casting and general anesthesia with NBD is a safe technique. It provides better initial correction compared to serial EDF casting with patients awake and to serial EDF casting with general anesthesia alone (44) .
Does serial casting work for congenital EOS?
The therapeutic efficacy of serial casting on congenital scoliosis is scarce. Demirkiran (47) .
Complications of serial casting
Serial casting has a very low rate of complications. The most common complication of serial casting are minor skin lesions (superficial pressure sores) that do not require treatment in most cases. Ventilatory problems have been described following cast application however they soon resolved after cast removal (rare). Increased peak inspiratory pressures during the cast application have been reported by Dhawale et al. In particular they found that following cast application, the mean peak inspiratory pressure increased by 106 % when compared with the baseline value and remained 32% higher than baseline following the removal of the thoracoabdominal winds (15) .
Careful trimming of the cast in the axillary and groin regions is necessary in order to avoid subclavian vein thrombosis, an extremely rare but serious complication of serial casting (48) .
Conclusions
Serial EDF casting should be considered a valuable low risk treatment modality, as well as an alternative to surgery, for patients with IS and JS.
Serial EDF casting is able to modulate spinal growth and it can-at least in some cases-prevent the progression of the spinal deformity. However, it controls all types of curves and the technique is not able to completely arrest curve progression and to erase the potential need for surgery in this patient's population.
Despite these limitations, it is effective in delaying a sometimes eliminating the need for growth-sparing surgery. Unfortunately, there is a lack of scientific publications reporting long term outcome of serial EDF casting.
EDF casting is a safe technique that can modify the natural evolution of IS and JS by reducing and slowing curve progression in both frontal and transverse plane.
